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Tbjective: Management strategy for the postoperative Norwood neonate has been
ormulated from models that have estimated oxygen consumption (VO2). Superior
ena caval oxygen saturation (SVO2), systemic arterial and superior vena caval
xygen saturation difference (Sa-VO2), and oxygen excess factor (  arterial
xygen saturation/Sa-VO2) have been used as indirect indicators to estimate systemic
lood flow (Qs) and oxygen delivery (DO2). We sought to examine the correlation
f the indirect indicators to VO2-derived measures of oxygen transport.
ethods: Respiratory mass spectrometry was used to continuously measure VO2
fter the Norwood procedure (n  13). Measured saturations and the direct Fick
quation were used to obtain pulmonary blood flow, Qs, DO2, and oxygen extraction
atio (ERO2) values. Correlations to SVO2, Sa-VO2, and  were sought.
esults: There was a close correlation of SVO2, Sa-VO2, and  to ERO2 (r  0.92,
.96, and 0.97, respectively; P  .0001). Correlation to Qs and DO2 was variable
r  0.39 to 0.78, respectively; P  .0001). Correlation to VO2 was poor but
ignificant (r  0.24 to 0.40, P  .0001). Inclusion of VO2 improved the correlation
o Qs and DO2 (r  0.66 to 0.97, P  .0001).
onclusions: The close correlation of SVO2, Sa-VO2, and  to ERO2 indicates that
ach is a measure of the balance of DO2 and extraction. The significant but less
eliable correlation to DO2 and VO2 indicates the values for SVO2, Sa-VO2, and  do
ot discriminate between the contribution of DO2 and VO2. Measured VO2 and
emodynamics may improve the optimization of postoperative management strat-
gy in the individual neonate.
are of the postoperative Norwood patient continues to be challenging.1-6
Performance requirements for the single ventricle with a parallel circulation
are substantial and are made more physiologically stressful by the recent
nsult of cardiopulmonary bypass (CPB) and myocardial ischemia. Postoperative
anagement strategies are predicated on balancing pulmonary (Qp) and systemic
Qs) blood flow6-8 and optimizing systemic oxygen delivery (DO2).9-12 These
trategies have been designed on the basis of experimental models,13,14 theoretic
odels,15-17 and human studies3,5,11,18 that have intrinsic limitations. Experimental
he Journal of Thoracic and Cardiovascular Surgery ● Volume 131, Number 5 1099
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Dnimal models might not fully reflect human physiology.
athematic models require assumptions that might differ
rom those seen clinically. To date, human models
ave used estimations of, rather than directly measured,
xygen consumption (VO2) and pulmonary venous
aturations.3,5,11,18
Because of the difficulties in obtaining measured Qs,
O2, and Qp values, decision making for postoperative
anagement is based on reflectors of DO2 and Qs, as well
s an estimated pulmonary venous oxygen saturation.
he reflectors of DO2 and Qs are superior vena caval
xygen saturation (SVO2 ),5,8,19 the difference between
rterial and venous oxygen saturations (Sa-VO2) and ox-
gen excess factor (  arterial oxygen saturation
SaO2 ]/Sa-VO2 ).3-7,11,12,18
Qp is generally accounted for by making an estimation
hat pulmonary venous saturation is greater than
5%.3,5,11,18,19 This estimation is not always correct.8
Abbreviations and Acronyms
DO2  oxygen delivery
ERO2  oxygen extraction ratio
  oxygen excess factor
Qp  pulmonary blood flow
Qs  systemic blood flow
SaO2  arterial oxygen saturation
Sa-VO2  systemic arterial and venous oxygen
saturation difference
SVO2  systemic venous oxygen saturation
VO2  oxygen consumption
ABLE 1. Clinical data for the 13 patients
atient
Age
(d)
Weight
(kg)
BSA
(m2)
CPB
(min)
ACC
(min)
1 55 3.8 0.24 69 38
2 7 3.5 0.23 108 47
3 4 3.7 0.25 151 100
4 7 4 0.26 105 47
5 16 3.5 0.24 133 39
6 7 4.2 0.27 122 62
7 12 3.5 0.23 165 75
8 6 3.5 0.23 172 82
9 92 4.1 0.26 105 58
10 16 3.9 0.25 170 60
11 7 4 0.25 167 64
12 6 2.9 0.2 142 62
13 9 3.6 0.24 109 50
SA, Body surface area; CPB, cardiopulmonary bypass; ACC, aortic crossc
LHS, hypoplastic left heart syndrome; MS, mitral stenosis; LV, left ventric
ortic atresia; MA, mitral atresia.
100 The Journal of Thoracic and Cardiovascular Surgery ● MaThe above-outlined parameters can be obtained with
inimal difficulty in clinical practice but have the limitation
f not accounting for interindividual and intraindividual
ariability of VO2.20-24 It has been increasingly realized that
hanges in VO2 might have an important effect on hemody-
amics and oxygen transport.20-24 Changes in VO2 might not
e fully reflected or understood for the commonly measured
alues SVO2, Sa-VO2, and . We sought to examine the
orrelation of SVO2, Sa-VO2, and  to hemodynamics and
xygen transport parameters obtained by using VO2 and the
irect Fick equation.
aterials and Methods
atients
his study was approved by the Research Ethics Board at the
ospital for Sick Children, Toronto, Canada. Written informed
onsent was obtained from the parents of 13 of the 16 infants (12
oys; age range, 4-92 days; median, 7 days) undergoing a Nor-
ood procedure between April and October 2004. The patient
emographics are shown in Table 1. Three patients were not
ecruited for the study because of nonclinical issues.
ntraoperative Procedures
ll patients were intubated with cuffed endotracheal tubes
Mallinckrodt Medical, Northampton, United Kingdom). General
nesthesia was maintained with inhaled isoflurane, intravenous
entanyl, and pancuronium bromide. Low-flow CPB and selective
erebral perfusion were used in 12 of 13 patients. A standard
orwood procedure was used.25 The aortic arch was reconstructed
ith a homograft patch. The 3.5-mm right modified Blalock-
aussig shunt was completed with anastomosis of the distal
onduit to the central pulmonary artery. All patients received
ethylprednisolone (30 mg/kg) in the operating room at or
efore CPB. Phenoxybenzamine, 0.25 mg/kg, was administered
ulatory
t (min)
Cerebral
perfusion (min) Diagnosis
6 30 DORV, AS, parachute MV
12 35 HLHS, AS, MS
35 53 HLHS, AS, MS
3 44 HLHS, AS, MS
34 0 HLHS, endocardial fibroelastosis
of LV, AS, MS
3 60 HLHS, AS, MS
13 59 DILV, TGA
9 70 HLHS, AA, MA
30 17 DILV, TGA
1 60 HLHS, AS, MS
17 44 HLHS, AS, MS
1 62 HLHS, AS, MS
4 44 HLHS, AS, MS
; DORV, double-outlet right ventricle; AS, aortic stenosis; MV, mitral valve;
LV, double-inlet left ventricle; TGA, transposition of the great arteries; AA,Circ
arres
lamp
le; DIy 2006
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Dt initiation of CPB. A bolus of aprotinin, 50,000 KIU, was
dministered, followed by 100,000 KIU per 100 mL of prime. Our
rotocol was to administer milrinone (100 g/kg) before termina-
ion of CPB and to initiate dopamine (5 g · kg1 · min1) for the
mmediate time around cessation of bypass. Dopamine was sub-
equently discontinued if the hemodynamics and ventricular func-
ion were satisfactory. Modified ultrafiltration was performed at
he completion of CPB in all patients. A pulmonary venous line
as inserted into the orifice of the right upper pulmonary vein. A
irect oximetric catheter was inserted in the superior vena cava.
ostoperative Management
ur protocol for management is as follows. The central tem-
erature (esophageal) is maintained between 36°C and 37°C.
ostoperative monitoring includes heart rate, end-tidal carbon di-
xide, and arterial, superior vena caval, and pulmonary venous
ressures. Sedation consists of continuous intravenous infusion of
orphine and intermittent injections of a muscle relaxant (pancu-
onium) and lorezepam. Infants are ventilated with volume control
nd pressure support. Ventilation volume and rate are adjusted to
ontrol PaCO2. Arterial oxygen saturation is maintained between
0% and 85%. Inotropic agents, vasoactive drugs (milrinone,
opamine, phenoxybenzamine, and vasopressin), and volume in-
usions (5% albumin or blood) are administered according to our
tandard protocol.10 Hemoglobin is maintained between 14 and
6 mg/dL.
ethods of Measurements
SVO2, Sa-VO2 and . Blood samples were taken from
rterial, superior vena caval, and pulmonary venous cathe-
ers for measurements of oxygen saturation. Arterial blood gas
nalysis and lactate measurements were obtained. Systemic-
ixed venous saturation was taken as superior vena caval
aturation. Sa-VO2 was the difference between the arterial
nd superior vena caval oxygen saturations.  was calcu-
ated as SaO2/Sa-VO2.
VO2. VO2 was measured continuously with an AMIS2000
ass spectrometer (Innovision A/S, Odense, Denmark). This is
sensitive and accurate method that allows simultaneous mea-
urements of multiple gas fractions. The details are described
lsewhere.20
Hemodynamics and oxygen transport and arterial lac-
ate. Qp and Qs were calculated by using the direct Fick
ethod. DO2 and the oxygen extraction ratio (ERO2) were
alculated by using standard equations (Table 2). All values
ere indexed to body surface area. Arterial lactate levels
ere measured.
tudy Protocol
his study was performed during the first 72 hours after arrival
n the intensive care unit. Values of hemodynamics, oxygen
ransport, and arterial, superior vena caval, and pulmonary
enous saturation were collected at 2-hour intervals during the
rst 24 hours and at 4-hour intervals from hours 25 through 72.
ampling was avoided if a change in sedation, paralysis, ven-
ilation, or hemodynamic management was made within 15
inutes. s
The Journal of Thoracicata Analysis
ata are expressed as means  standard deviation. The gener-
lized linear model for repeated measures was used to deter-
ine the nature of any time trend of the measures over the
2-hour study period. Where appropriate for given measures,
ogarithmic and polynomial transformations were tested for the
est fit over time. Correlations between the indirect indicators
VO2, Sa-VO2, and  and the direct measures of hemodynamics
nd oxygen transport were sought by using the generalized
inear model for repeated measures without regard to time.
ogarithmic transformations of both variables being compared
as used when necessary to model nonlinear relationships. All
ata analysis was performed with SAS statistical software ver-
ion 8 (SAS Institute, Inc, Cary, NC).
esults
atients
uring the study period, 16 patients underwent the Nor-
ood procedure. There was no incidence of circulatory
ollapse or death during the study period. All patients sur-
ived to hospital discharge. Extubation occurred between 2
nd 16 days (median, 7 days) after the procedure, except in
ne child who had vocal cord complications. Extubation for
hat infant occurred at 90 days and after the stage 2 proce-
ure. The neonate extubated on day 2 had the study termi-
ated at that time. One child had sudden hemodynamic
ollapse subsequent to the study and required resuscitation
ith extracorporeal membrane oxygenation. That child sur-
ived and was discharged home after the stage 2 procedure.
hanges of SVO2, Sa-VO2, and  Over Time
igure 1 shows the profiles of SVO2, Sa-VO2, , hemody-
amics, and oxygen transport in 13 patients during the first
2 hours after arrival in the intensive care unit after the
orwood procedure. All measures showed broad interindi-
idual variations.
Analogous trends over time, although in different direc-
ions, were seen with SVO2, Sa-VO2, and . There were wide
uctuations within individuals. SVO2 and  showed an
nitial rapid increase in the first 12 hours, a subsequent slow
ncrease peaking around 28 to 32 hours, and thereafter a
ABLE 2. Equations using systemic oxygen consumption to
alculate hemodynamics and oxygen transport parameters
Parameters Equations
Qp (L · min1 · m2) VO2/(CpVO2-CaO2)
Qs (L · min1 · m2) VO2/(CaO2-CVO2)
DO2 (mL · min
1 · m2) Qs  CaO2
ERO2 VO2/DO2
p, pulmonary blood flow; VO2 , systemic oxygen consumption; CpVO2 ,
ulmonary venous oxygen content; CaO2 , arterial (equals to pulmonary
rterial) oxygen content; Qs, systemic blood flow; CVO2 , superior vena caval
xygen content; DO2 , systemic oxygen delivery; ERO2 , oxygen extraction ratio.low decrease in a complex polynomial function (P 
and Cardiovascular Surgery ● Volume 131, Number 5 1101
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D0001). Sa-VO2 showed the same trend but as a mirror image,
ith a rapid initial decrease in the first 12 hours and a slow
ecrease until 28 to 32 hours. Thereafter, there was a slow
ncrease (P  .0001).
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Figure 1. Mean  standard deviation values of supe
between arterial and superior vena caval oxygen satu
and the direct measures of hemodynamics and oxygen t
flows, systemic oxygen delivery (DO2), systemic oxyg
arterial lactate level in 13 patients during the first 72 h
Norwood procedure. The slope of change is highest fo
change is explained by changes in VO2 during the sam
with respect to ERO2. *Data were entered after polynom
time2 indicating the later trend. **After logarithmic tra102 The Journal of Thoracic and Cardiovascular Surgery ● Mahanges of Direct Measures of Hemodynamics and
xygen Transport
hanges of direct measures of hemodynamics and oxygen
ransport were highly variable, on an individual basis, as
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ns (Sa-vO2), oxygen excess factor (  SaO2/Sa-VO2),
port, including pulmonary (Qp) and systemic (Qs) blood
onsumption (VO2), oxygen extraction ratio (ERO2), and
after arrival in the intensive care unit (ICU) after the
2, Sa-VO2, and  in the first 12 hours of recovery. The
e frame. There are parallel or mirror-imaged changes
ansformation, with time indicating the early trend, and
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DFigure 2. The correlations between supe-
rior vena caval oxygen saturation (SvO2),
the difference between arterial and su-
perior vena caval oxygen saturations
(Sa-VO2), and oxygen excess factor ( 
SaO2/SaVO2) and oxygen extraction ratio
(ERO2), systemic blood flow (Qs), oxygen
delivery (DO2), oxygen consumption (VO2),
pulmonary blood flow (Qp), and Qp/Qs in
13 patients during the first 72 hours after
arrival in the intensive care unit (ICU)
after the Norwood procedure.The Journal of Thoracic and Cardiovascular Surgery ● Volume 131, Number 5 1103
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Demonstrated by the broad standard deviations. Qp and Qs
howed a small but significant linear increase over time
P  .001 for Qp, P  .0001 for Qs). Qs was significantly
ower during the first 12 hours compared with the following
0 hours (P  .001). The same analysis for Qp was not
ignificant (P  .62). DO2 showed a significant change over
ime (P  .0001), with a slow increase peaking around 28
o 32 hours, followed by a slow decrease. DO2 was signif-
cantly lower during the first 12 hours compared with the
ollowing 60 hours (P .001). VO2 was related to time after
ogarithmic transformation (P  .0001). There was a sig-
ificant decrease in the first 12 hours, as there was with
rterial lactate levels (P  .0001). ERO2 was related to time
fter logarithmic transformation, with a rapid decrease in
he first 12 hours (P  .0001). Central temperature was
elatively stable (36.6°C  0.5°C), with a small linear
ncrease over time (P  .0002).
orrelations Among SVO2, Sa-VO2,  and Direct
easures of Hemodynamics and Oxygen Transport
igure 2 and Table 3 show the generalized linear model
orrelation among SVO2, Sa-VO2, and  and the direct mea-
ures of hemodynamics and oxygen transport. For signifi-
ant correlations (P  .05), we have classified an r value of
ess than 0.30 to be a poor correlation, an r value of 0.31 to
.70 to be a variable or moderate correlation, and an r value
f greater than 0.70 to be a close correlation.
Over the entire study period, there was a close correla-
ion of SVO2, Sa-VO2, and  with ERO2 (r  0.92, 0.96, and
.97, respectively; P  .0001 for all). SVO2, Sa-VO2, and 
ere variably correlated with Qs (r0.39,0.65, and 0.66,
espectively; P  .0001 for all) and variably or closely
orrelated with DO2 (r  0.57, 0.70, and 0.78, respec-
ively; P  .0001 for all). SVO2, Sa-VO2, and  were sig-
ificantly but poorly to moderately correlated with Qp/Qs (r
0.21, 0.34, and 0.35, respectively; P  .0001 for all).
nclusion of Qp and Qs as separate variables in the Qp/Qs
orrelation demonstrated no correlation (P  .05 for all).
VO2, Sa-VO2, and  were poorly and variably correlated
ith VO2 (r  0.40, 0.24, and 0.25, respectively; P  .0001
or all). Inclusion of VO2 to the Qs and DO2 analysis signif-
cantly improved the correlations with SVO2 (increased r
rom 0.39 to 0.66 for Qs and increased r from 0.57 to 0.84
or DO2), Sa-VO2 (increased r from 0.65 to 0.86 for Qs
nd from0.70 to0.88 for DO2), and  (increased r from
.66 to 0.87 for Qs and from 0.78 to 0.97 for DO2). All
values for the inclusion of VO2 were less than .0001. SVO2
nd Sa-VO2 were poorly correlated with Qp (r  0.18, P 
03 and r  0.08, P  .01, respectively), and  showed no
orrelation with Qp (r  0.01, P  .36).
iscussion
fter the introduction of the Norwood procedure, the strat-gy for postoperative management was primarily directed at p
104 The Journal of Thoracic and Cardiovascular Surgery ● Maalancing Qp/Qs through manipulation of pulmonary vas-
ular resistance. More recent strategy has focused on the
mportance of Qs and systemic vascular resistance.9-12 As
uch, measures thought to reflect systemic cardiac output
ave become increasingly used. Low SVO2 has been shown
o correlate with a base deficit.5 Sa-VO2 reflects the adequacy
f DO2,4,11,12 and  is a ratio of available oxygen to ex-
racted oxygen (SaO2/Sa-VO2). Each of these is thought to be
surrogate measure reflecting DO2. Present management
trategies have focused on maintaining physiologic condi-
ions whereby these surrogate measures have appropriate
alues. By using respiratory mass spectrometry to measure
O2, we now have the ability to directly calculate DO2, Qp,
nd Qs using the Fick equation and to test the validity of the
urrogate measures using correlations to the measured and
alculated parameters.
orrelation of Surrogate Measures and ERO2
here was a significant and close correlation of ERO2 to
VO2, Sa-VO2, and (r 0.92, 0.96, and 0.97, respectively).
RO2 is an oxygen transport measure that provides a ratio
hat incorporates the 3 major components of oxygen trans-
ABLE 3. Statistical analysis results using the generalized
inear model for repeated measures of the correlations
etween SvO2, Sa-VO2, and  and the direct measures of
emodynamics and oxygen transport in 13 patients during
he 72 hours after the Norwood procedure
ndependent
ariables
Dependent
variable Intercept Coefficient r P value
ERO2 SVO2 78.1530 84.0414 0.92 .0001
Sa-VO2 2.2918 67.2630 0.96 .0001
* 2.0088 3.7520 0.97 .0001
Qs SVO2* 43.2140 13.9958 0.39 .0001
Sa-VO2* 33.4813 16.2394 0.65 .0001
 0.1597 1.3541 0.66 .0001
DO2 SVO2* 61.2285 19.9879 0.57 .0001
Sa-VO2* 123.44 17.6873 0.70 .0001
 16.2926 3.3264 0.78 .0001
VO2 SVO2 69.2978 0.1949 0.40 .0001
Sa-VO2 13.5039 0.1091 0.24 .0001
* 9.9743 1.6618 0.25 .0001
Qp SVO2 46.0825 3.0292 0.18 .03
Sa-VO2 18.5011 2.2865 0.08 .01
 2.7847 0.1027 0.01 .36
Qp/Qs SVO2 60.2282 7.3649 0.21 .0001
Sa-VO2 8.8763 12.9871 0.34 .0001
 4.6510 1.8934 0.35 .0001
VO2 , superior vena caval oxygen saturation; Sa-VO2 , difference between
rterial and superior vena caval oxygen saturations; , oxygen excess
actor; ERO2 , oxygen extraction ratio; Qs, systemic blood flow; DO2 , sys-
emic oxygen delivery; VO2, systemic oxygen consumption; Qp, pulmonary
lood flow. *Data were entered after logarithmic transformation.ort: oxygen content, DO2, and VO2. This study demonstrates
y 2006
t
a
c
t
r
o
p
i
p
p
s
i
i
C
C
v
(
i
a
a
t
m
c
t
t
p
T
2
m
m
o
u
C
T
V
r
r
N
t
i
p
i

Q
a
l
h
c
t
V
u
a
p
fi
t
i
C
T
0
0
s
t
o
s
L
S
f
a
s
r
C
C
a
F
s
d
a
d
B
t
Li et al Surgery for Congenital Heart Disease
CH
Dhat each of the surrogate measures used is most accurately
reflector of ERO2. The very close reciprocal correlation
urve seen with  (SaO2/Sa-VO2) is explained by the fact
hat it is intrinsically the ratio of DO2 to VO2 and thus the
eciprocal of ERO2.
However, ERO2 might not fully account for the adequacy
f DO2 because of the potential for changes induced by the
henomenon of DO2-dependent oxygen extraction. Paradox-
cally, in the presence of poor or worsening DO2, a dispro-
ortionate decrease in VO2 might yield an adequate or im-
roving SVO2 (a close surrogate for ERO2), as shown in a
pecific example of a patient (Figure 3) who had a normal-
zing lactate level and normal base deficit despite a decreas-
ng DO2.
orrelation of Surrogate Measures to Qs and DO2
orrelation of SVO2, Sa-VO2, and  to Qs was significant but
ariable. There was correlation to a moderate degree
r  0.39, 0.65, and 0.66, respectively). Correlation to DO2
s moderate to close for the same 3 variables (r 0.57, 0.70,
nd 0.78, respectively). The variability and failure to
chieve a uniformly close correlation can be explained by
he fact that each of the surrogate measures is a single
easure or ratio that is dependent on changes in oxygen
ontent, DO2, and VO2 (ie, all the components of oxygen
ransport). As seen in Figure 2, Qs and DO2 are marginal in
he first 24 hours and subsequently gradually increase, a
rofile that has been seen in other studies after CPB.21,26,27
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igure 3. An example of increasing superior vena caval oxygen
aturation (SvO2) in the presence of a decreasing systemic oxygen
elivery (DO2). In this patient the finding in the first 12 hours after
rrival in the intensive care unit (ICU) can be explained by the
isproportionate decrease in systemic oxygen consumption (VO2).
ecause SVO2 is a single measure of the balance of DO2 and VO2,
he source of a changing SVO2 might be DO2, VO2, or both.he improvements in SVO2, Sa-VO2, and  in the first 12 to b
The Journal of Thoracic4 hours occurred during the period when Qs and DO2 were
ost decreased. This finding is explained by the improve-
ent in VO2, as discussed below. In previous analysis, based
n an estimated and fixed VO2, the improvement was attrib-
ted to favorable changes in Qs and DO2.3,4,19
orrelation of Surrogate Measures to VO2
here was significant but moderate-to-poor correlation of
O2 to SVO2, Sa-VO2, and  (r  0.40, 0.24, and 0.25,
espectively). The most rapid improvement in all the indi-
ect indicators was seen in the first 12 hours after the
orwood procedure and can be explained by the slope of
he decrease in VO2 during the first 12 hours. The VO2 profile
s similar to previously reported findings for other cardiac
rocedures.21 The addition of VO2 to the regression analysis
ncreases the correlation of all 3 variables, SVO2, Sa-VO2, and
, to r values of 0.66 to 0.92, all of which are significant.
s and DO2 are contributors to the changes in SVO2, Sa-VO2,
nd , particularly over the later time frame, when there are
ess changes in VO2.
Present strategy to treat postoperative Norwood patients
as been to compartmentalize Qp (a contributor to oxygen
ontent) and Qs (the major contributor to DO2). Because
here have been little clinical data on VO2, manipulation of
O2 has not gone beyond theoretic concerns. Major contrib-
tors to VO2 are temperature,20 inflammatory mediators,21,24
nd inotropic agents.28 The addition of VO2 as a third com-
artment for a targeted treatment strategy, particularly in the
rst 12 hours, when there is a significant increase, remains
o be explored both for the ability to manipulate VO2 and for
ts effect on hemodynamic stability.
orrelation of Surrogate Measures and Qp
here was little correlation of Qp to SVO2 and Sa-VO2 (r 
.18 and 0.08, respectively) and no correlation to  (r 
.01). These findings suggest that Qp estimates require
tandard measurement of Qp/Qs or Fick equation calcula-
ions. Surrogate measures of DO2 might reflect the adequacy
f oxygenation for the ranges of systemic arterial saturation
een in this study (55% to 86%).
imitations
VO2 was used as an estimate of the mixed venous saturation
or the calculations of Qs and DO2. This measure does not
ccount for potential differences in the inferior vena caval
aturation.29,30 Further investigations analyzing both supe-
ior and inferior vena caval oxygen saturation are warranted.
onclusions
linical measures of adequate systemic DO2, SVO2, Sa-VO2,
nd  do not completely reflect the changes in Qs and DO2
ecause of the variability of VO2. SVO2, Sa-VO2, and  are
and Cardiovascular Surgery ● Volume 131, Number 5 1105
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Deasures of both DO2 and VO2, as demonstrated by their
lose correlation to ERO2. Measured oxygen transport and
emodynamics might improve the optimization of a post-
perative management strategy for individual patients.
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iscussion
r Scott M. Bradley (Charleston, SC). This study is important
ecause it is the first to measure VO2 in postoperative Norwood
atients. The findings confirm one of our management beliefs but
hallenge another.
One of our beliefs is that a mixed venous oxygen saturation that
s higher and an arteriovenous oxygen saturation difference that is
ower are desirable. This is because they correlate with higher Qs
nd DO2. Your study confirms this belief. Although some of the
orrelations were rated as moderate, the directly measured values
f VO2 actually improved the correlation. These findings therefore
ffirm postoperative management aimed at maximizing mixed
enous oxygen saturation.
In contrast, this report challenges our understanding of the
hysiology of the first 48 hours. Immediately after surgical inter-
ention, mixed venous saturation is low, and arteriovenous satu-
ation difference is high. They then improve over the next 48
ours. As you noted, this has been observed in previous studies
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Dnd interpreted to indicate low systemic cardiac output. However,
our study shows that low cardiac output plays only a minor role.
he major reason that mixed venous saturation is low is that VO2
s high immediately after surgical intervention and then decreases
arkedly over the next 48 hours. Like many interesting findings,
his one is somewhat counterintuitive because this is exactly the
ime VO2 might be expected to be low because many of the patients
re sedated, paralyzed, and mechanically ventilated at this time.
The first question then is this: Why is VO2 high early after
urgical intervention? Is it a generalized inflammatory response to
ypass, or is it due to the particular CPB technique used in these
atients? Your article indicates that your patients underwent CPB
ith phenoxybenzamine with low-flow rather than high-flow by-
ass, as recommended by Roger Mee. Does this create a whole-
ody oxygen debt in the operating room that must then be repaid
n the intensive care unit? Could you give us your group’s thoughts
n the explanation for this very interesting finding.
Dr Li. Thank you for your comments. It is well documented
hat VO2 increases after CPB. The increase in VO2 has been attrib-
ted to several factors, including rewarming from hypothermic
PB, repayment of oxygen debt, and, most importantly, systemic
nflammatory response. As shown in our previous study in a group
f older children after complete repair of congenital heart disease,
he initial postoperative VO2 was also high, and similarly to our
urrent study, it decreased significantly over the first 12 hours. The
ecrease in VO2 coincided with the decrease in circulating cytokine
evels.
Dr Bradley. Is there any relationship, for example, between the
evel of VO2 coming out of the operating room and the length of
PB?
Dr Li. In this particular group of patients, the longer CPB time
as associated with a higher VO2.
Dr Bradley. The second question is this: Can this phenomenon
e avoided? Specifically, were anti-inflammatory strategies, such
s modified ultrafiltration, preoperative steroids, or aprotinin, used
n your patients? Alternatively, should we be keeping our patients
eliberately cool for the first 48 hours after surgical intervention?
hat might be an unfair question to ask you.
Dr Li. I will try.
Dr Bradley. Do you know whether your patients had modified
ltrafiltration?
Dr Li. Yes, they all had modified ultrafiltration. Modified
ltrafiltration has been reported to filter out some cytokines. Again,
n our previous study in the older group of children with the use of
odified ultrafiltration, the postoperative cytokine levels were
enerally lower compared with data in the literature in children
ithout the use of modified ultrafiltration. This might reduce the
ystemic inflammatory response, potentially resulting in a decrease
n VO2.
All children received at least intraoperative steroids. Steroids
ave been reported to reduce the systemic inflammatory response
nd thus might reduce VO2. In fact, we are proposing a research
roject to investigate the effect of steroids on VO2 in children
uring and after CPB. All children received aprotinin. The central
ody temperature was maintained at euthermia for the first 48 a
The Journal of Thoracicours. In our previous studies we have demonstrated that the
ncrease in VO2 during the early post-CPB period is mainly attrib-
ted to the increase in central body temperature: for a 1°C increase
n central body temperature, VO2 increases by 11%, and simply
aintaining body temperature at euthermia results in a continuous
ecrease in VO2.
Indeed, manipulating VO2 is increasingly realized to be an
mportant alternative component to optimize the balance of oxygen
ransport in children with limited reserve of cardiac function early
fter CPB.
Dr Bradley. Perioperative steroids or aprotinin use?
Dr Li. Yes, we all used steroids. I think it might contribute, too.
t might indeed reduce VO2. In fact, we are thinking of proposing
study to compare—to investigate this effect on VO2.
Dr Bradley. Thank you. I think it is a very interesting and
mportant study.
Dr Antonio Corno (Liverpool, United Kingdom). Surgeons are
enerally very simple-minded. Do you have a practical suggestion
or the surgeon in the postoperative care of this patient? If we want
o improve the oxygen saturation, that means the balance between
O2 and VO2. What we can do as surgeons is to provide a higher
otal Qp. Should we modify our surgical technique to increase the
otal Qp knowing that this will cause an increase of the total VO2
ecause of increased myocardial consumption? How can you
aintain a positive balance to provide a better DO2?
Dr Li. In this group of patients, we have also analyzed the
elationships between pulmonary vascular resistance, systemic
ascular resistance, and DO2. Our data showed that varying Qp had
ittle contribution to systemic DO2, largely because of the mechan-
cal limitation from the Blalock-Taussig shunt. The best way to
mprove systemic DO2 is to maintain a relatively low and stable
ystemic vascular resistance and, additionally, to maintain a rela-
ively high level of hemoglobin.
Dr Carl L. Backer (Chicago, Ill). Was there any difference in
he management strategy as far as the ventilator that you use in the
perating room compared with the one that you use in the intensive
are unit?
One of the problems we have with our patients is that we have
completely different ventilator system in the operating room than
e have in the intensive care unit. There is always a transition
hase after transport, with hand ventilation to the intensive care
nit ventilator, and I just wondered whether you thought that
layed any role in the VO2 in the immediate time period when the
atient arrives in the intensive care unit?
Dr Li. The ventilator systems are different in the operating
oom and intensive care unit, but our ventilation management
rotocols are the same for these patients in the 2 settings. Yes,
here is a transition phase after transport, with hand ventilation to
he intensive care unit ventilator, and certain adjustment of venti-
ation was often required to achieve adequate levels of arterial
arbon dioxide and oxygen because they might have profound
ffects on both DO2 and VO2. Yet we have found the hemodynamic
ariability to ventilation issues to be minimized by aggressive
fterload reduction with phenoxybenzamine.
and Cardiovascular Surgery ● Volume 131, Number 5 1107
